Multiferroic materials with combined either two of ferromagnetic, ferroelectric, and ferroelastic orders are a hot research subject due to their rich physical properties and potential device applications. Recently, domain boundaries are an attracting and focused topic in these ferroic materials because of their peculiar properties against the surrounding domains. The most typical example is electronic conductivity at ferroelectric domain walls in BiFeO 3 , 1 in which local structure changes reduce the bandgap at the walls. In ferroelastic CaTiO 3 , the ferrielectric twin wall predicted by theoretical simulations was verified by imaging the twin-wall structure using an aberration-corrected scanning transmission electron microscope (STEM). 2 The exceptional properties of domain boundaries against domains provide us an approach towards domain boundary engineering.
In most multiferroic materials, their ferroelectric Curie temperature (T C ) is well above room temperature but their magnetic T C is quite low. To search for multiferroic systems with enhanced magnetic T C , investigations have been extended to magnetic ion doped ferroelectrics BaTiO 3 and PbTiO 3 (Refs. [3] [4] [5] [6] , and incipient ferroelectrics SrTiO 3 and KTaO 3 . 7, 8 Studies have reported that ferromagnetism (FM) can coexist with ferroelectricity (FE) at high temperature in the doped ferroelectrics, but a spin glass state was falsely considered to magnetoelectrically couple to the dipolar glass state in the doped incipient ferroelectrics. Recently, Fe-doped hexagonal (h) BaTiO 3 samples have aroused much attention due to the coexistence of high-temperature FM 9,10 and FE 11 and cross-controlled magnetoelectric effects induced by an oxygen vacancy (Vo) ordering. 12 Different from the doped perovskite oxides, the substitution of B-site Ti ions by magnetic ions is one of the driving forces in stabilizing the high-temperature h phase of BaTiO 3 at room temperature, 13 and a wide range of doping can be incorporated into the h matrix, e.g., $5 mol. % to 67 mol. % or even higher for Fe doping and $2 mol. % to $33 mol. % for Mn doping. [14] [15] [16] Previously, much attention was focused on Mn-doped perovskite BaTiO 3 (Refs. 6 and 17) but less attention was paid to Mn-doped h-BaTiO 3 . Our systematic TEM studies on Fe and Mn doped h-BaTiO 3 have revealed a structural incommensurate modulation rule, which is ascribed to the antiphase domain boundary (APB) structures. 18 Based on this, we report in this paper the magnetic properties of h-Ba(Ti 1Àx Mn x )O 3Àd (x ¼ 1/9, 1/6) samples. Associated with the thermal treatment effects and dielectric behavior analysis, we present experimental evidences on the origin of high-temperature FM in Mn-doped h-BaTiO 3 .
BaCO 3 , TiO 2 , and Mn 2 O 3 powders were used to synthesize h-Ba(Ti 1Àx Mn x )O 3Àd (x ¼ 1/9, 1/6) samples, recorded as BTM11 and BTM17, with solid-state reaction. After preliminary sintering at 1000 C in oxygen (20 h ) and 1300 C in air (20 h), the samples of each composition were cut into two halves. The as-grown (AG) and post-annealed (PA) samples were sintered at 1300 C and 1100 C in air for 24 h, respectively. Thorough grinding and pelleting were performed before each sintering. X-ray diffraction (XRD) was performed on Philips X'Pert PRO powder diffractometer. 16 The magnetic properties were measured on a Quantum Design PPMS, and the dielectric properties were recorded using TH2818 Automatic Component Analyzer. Silver glue was pasted on the sample surface as electrode. Figure 1 (a) shows the susceptibility curves of AG and PA BTM11 samples measured under zero-field-cooling (ZFC) and field-cooling (FC) modes, respectively. Similar to the dilute and dense Fe-doped h-BaTiO 3 , 9,19 the susceptibilities show a concave temperature dependence. For the AG BTM11 sample, the ZFC and FC susceptibility curves coincide well in the measured temperature range, thus, spin glass or superparamagnetic behavior can be ruled out. When the sample is post annealed, two evident changes are observed: (1) the susceptibility of the PA BTM11 clearly increases at a)
Authors to whom correspondence should be addressed. Electronic addresses: rcyu@aphy.iphy.ac.cn and x.wei@fz-juelich.de. 11 which are also incommensurately modulated in crystal structure, 16 their magnetization is reduced by one order of magnitude compared with the dilute Fe-doped samples. 9, 12 Similarly, enhancement of the susceptibility caused by post annealing is also observed in the BTM17 samples at T > 60 K. In particular, as evidenced by the divergent ZFC and FC curves shown in Fig. 2 (a), spin glass transitions are observed at T sg ¼ 48 K and 44 K in the AG and PA BTM17 samples, respectively. Furthermore, post annealing greatly reduces the susceptibility and the gap between the ZFC and the FC curves at T < 45 K. The measured hysteresis loops presented in Figs. 2(b)-2(d) reveal that at T ¼ 5 K, the PA BTM17 shows a near-paramagnetic behavior with a coercive field of H C ¼ 0.2 kOe; at T ¼ 20 K, post annealing not only reduces its magnetization but also its coercive field from H C ¼ 0.8 kOe to 0.3 kOe (Fig. 2(c) ); at room temperature, the AG BTM17 shows paramagnetism (PM) and the PA BTM17 has weaker FM in comparison with the PA BTM11 ( Fig. 2(d) ).
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Coexistence of the spin glass state with the paramagnetic background and their strong dependence on the thermal treatments indicate that the spin couplings below T sg in the BTM17 samples do not come from the h phase. First, similar magnetic transitions were also observed in Mn-doped SrTiO 3 and KTaO 3 at temperatures below 50 K. Nevertheless, systematic studies on the samples synthesized under different processing conditions have confirmed that such transitions result from segregated and nucleated magnetic species, 7 especially due to the presence of Mn 3 O 4 , which has one magnetic phase transition at T N ¼ 43 K. 20 Second, the different magnetic behaviors of the BTM11 and BTM17 samples at low temperatures indicate that the spin glass transitions in the BTM17 samples can be ascribed to inadequate incorporation of the reactor Mn 2 O 3 , which possibly evolves to the Mn 3 O 4 impurity during the sample sintering. The magnetic anomaly observed in the PA BTM11 sample can be attributed to the presence of a-Mn 2 O 3 , which has an antiferromagnetic transition at T N ¼ 25 K. 21 It should be noted that due to their minor concentration, the impurity phases cannot be unambiguously identified from the XRD patterns.
With respect to the magnetic behaviors observed in the high-temperature region (T > T sg ), the transformation from the paramagnetic state to the weak ferromagnetic state caused by post annealing should be an intrinsic response of the h phases. On one hand, the high-temperature FM observed in the h-Ba(Ti 1Àx Fe x )O 3 samples was proved to be intrinsic, 9, 10 and the magnetization strongly depends on the sample processing conditions, e.g., the annealing atmosphere, especially in the highly Fe-doped (x ¼ 0.7) samples. 22 On the other hand, both Mn 3 O 4 and Mn 2 O 3 impurities exhibit PM at room temperature. Therefore, the magnetic behaviors of the BTM11 and BTM17 samples around room temperature can be attributed to the major h phases.
According to the Curie-Weiss (CW) law, v ¼ C/(T þ h p ), fitting to the susceptibilities in the high temperature region yields h p ¼ 39.06 K for the AG BTM11 and h p ¼ 36.45 K for the AG BTM17. Supposing that all doped Mn ions adopt a low-spin arrangement, either Mn 4þ or Mn 3þ leads us to obtain the Vo content range, i.e., 0.019 < d < 0.188 for the AG BTM11 and 0.041 < d < 0.211 for the AG BTM17. The corresponding concentration range of Ti 3þ ions is 0.038 < y < 0.265 for the former and 0.082 < y < 0.421 for the latter, respectively. Proper solution cannot be obtained as Mn ions adopt a high-spin arrangement. Another possible solution for the CW fitting is that all doped Mn ions adopt a divalent state under the low-spin arrangement, which yields the Ti 3þ concentration y ¼ 0.422 and 0.658 for the AG BTM11 and AG BTM17, respectively. This suggests that the AG samples would become semiconductors as the concentration of 3d ions is up to such a high level. 23 However, this is not a reasonable solution. Figure 3 shows the temperature dependence of capacitance and dielectric loss of the four samples. The dielectric loss shown in Fig. 3(a) reveals that the two BTM11 samples are insulating at temperatures below $350 K, above which they gradually become conductive. Compared with the AG sample, the dielectric loss of the PA sample abruptly increases by three orders of magnitude at T ¼ 445 K, where its capacitance goes down to zero and below with increasing temperature. Such dielectric behavior can be attributed to thermal excitation of electrons to shallow trap levels inside the bandgap. For the AG and PA BTM17 samples, Fig. 3(b) shows that they exhibit lossy dielectric behaviors with enhanced capacitance. Associated with dielectric relaxation below room temperature, the PA sample becomes more conductive above room temperature.
Therefore, the conductivity behaviors reveal that the existence of Mn 2þ ions in the h phases is irrational in the BTM11 samples. In the densely doped h phases, their presence is neither favored considering the electroneutrality requirement. In spite that the concentration of Ti 3þ ions and Vo in the PA samples cannot be obtained by fitting their susceptibilities using the CW formula, our systematic analysis on the electron diffraction patterns provides us an averaged Vo distribution at O1 and O2 sites from the corresponding APB structures. 18 In the AG BTM11 and AG BTM17, the vacancy contents d ¼ 0.141 and 0.189 are consistent with our calculation based on the CW fitting. In the PA BTM11 and PA BTM17, the vacancy contents are d ¼ 0.097 and 0.103, respectively, which are consistent with our XRD refinements. 16 Based on the Vo content, it is found that only minority of doped Mn 3þ ions, 12 $ 28%, are oxidized into Mn 4þ ions in the AG samples. Corresponding Ti 3þ concentration is y ¼ 0.202 and 0.232 for the AG BTM11 and AG BTM17, respectively. Assuming 20% of the doped Mn 3þ ions are oxidized into Mn 4þ in the PA samples, the Ti 3þ concentration reduces to y ¼ 0.105 for the PA BTM11 and y ¼ 0.072 for the PA BTM17.
Before discussing the magnetism transition induced by thermal treatments in the Mn-doped samples, reviewing the origin of FM in Fe-doped samples is essential. Owing to the presence of O1 vacancies in Fe-doped h-BaTiO 3 , facesharing octahedra transform to distorted edge-sharing pentahedra, which form polaron structures associated with the captured electrons. Therefore, dynamical exchanges of the trapped electrons among the polarons result in the hightemperature FM. 11, 12 Studies have shown that the following factors influence greatly on their ferromagnetic magnetization: the doping concentration of Fe ions and O1 vacancies, conductivity of the doped samples and density of defect structures, e.g., the APBs. 10, 11, 19 Within the doping range of 1/20 < x 1/3, the sample with x % 1/10 has the maximum magnetization; further doping weakens the FM but PM is not observed in this doping range. For samples with doping concentration of x % 7/10, their magnetism strongly depends on the thermal treatment conditions, e.g., the AG sample exhibits near-PM, which transforms to FM due to the simultaneous presence of Fe 3þ and Fe 4þ ions as the sample is annealed in oxygen atmosphere. 22 Our previous results have revealed that in the h-Ba(Ti 1Àx Fe x )O 3 (x ¼ 1/6 and 1/3), 11 the room-temperature magnetization is weakened by the APBs. In Mn-doped h-BaTiO 3 samples, similar APB structures were also identified but different magnetic properties were presented due to the thermal treatments. Considering the structure-property relationship and the presence of Mn 3þ and Mn 4þ ions, therefore, the magnetic behaviors of h-Ba(Ti 1Àx Mn x )O 3 correlate intimately with the APB structures. In the BTM11 samples, the APB types transform from R IÀ1 ¼ 1 = 2 [001] and R IÀ2 ¼ 1 = 2 [011] in the AG sample to R IIIÀ1 ¼ 1/6½ 22 1 in the PA sample. In the BTM17 samples, the APB types transform from
and R IIIÀ2 ¼ 1/6½ 441 in the PA sample. According to the APB models, changes of the Vo content between the AG and PA samples mainly come from different APB types. Here, two important things worth noting: (i) the density of the APBs in the doped samples is very high, averagely speaking, each antiphase domain contains 2a $ 3a (a is the lattice parameter) h unit cells; (ii) the antiphase boundaries do not strictly locate at certain crystal planes, as imaged by the high-resolution TEM images presented in Ref. 18 .
In Fe-and Mn-doped h-BaTiO 3 samples, which are characterized by structural incommensurate modulations, the same magnetization magnitude indicates that their FM at room temperature has the same origin mechanism. Besides, changes of the energy band structure, e.g., location of the impurity band with respect to the 3d band, 24 due to different APB structures are believed to be the fundamental reason in determining the magnetic behaviors of Mn-doped samples. For R I and R II types of APBs, the distances between the face/edge-sharing polyhedra in adjacent antiphase domains are unchanged and extended, respectively. However, R III types of APBs shorten   FIG. 3 . The capacitance and dielectric loss of (a) the AG and PA BTM11 and (b) the AG and PA BTM17 measured at f ¼ 1 kHz around room temperature.
the distance between the face/edge-sharing polyhedra because of the mutual imbedding of the h unit cells in adjacent antiphase domains. That means R III types of APBs lower the impurity band in the band structure compared with other types of APBs. The schematic band structures are illustrated in Figs. 4(a) and 4(b). In the PA samples, the adjacent impurity band and spin-split 3d band enable the exchange interaction of trapped electrons between the polarons, which results in the high-temperature FM. The existence of shallow trap levels in the PA BTM11 is a direct evidence for the interpretation. However, in the AG samples, such exchange interaction fails to take place since the impurity band locates at a position which is higher than the bottom of 4s band. With respect to the reduction of ferromagnetic magnetization in the PA BTM17, this can be ascribed to the mixed APB types and the increased conductivity.
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Comparing h-Ba(Ti 1Àx Fe x )O 3 with x 1/3, it can be seen that the magnetic property of Mn-doped h-BaTiO 3 is more sensitive to the thermal treatments. As illustrated in Fig. 4(c) , the difference mainly arises from the crystal and electronic structure changes due to different magnetic-ion incorporation, e.g., the octahedral distortion, substitution ratio at Ti(1) and Ti(2) sites and bonding states between B-site ions and the surrounding coordination atoms. Concerning the magnetization changes as a function of the carrier density, 11, 19, 22 there is a similarity between magnetic-ion doped h-BaTiO 3 and magnetic-ion doped semiconductors. Taking Co-doped ZnO as an example, the ferromagnetic behaviors appear in either the insulating or the metallic regime but not in the intermediate regime. 25 Correspondingly, multiferroic properties can be realized in the insulating regime, 26, 27 and combined semiconducting and ferromagnetic properties appear in the metallic regime.
In conclusion, the magnetic properties of Mn-doped h-BaTiO 3 samples are investigated associated with the structural and dielectric characterizations. Spin glass transitions and magnetic anomalies below 50 K are not intrinsic responses of the h phases but are attributed to the secondary manganese oxides. Thermal treatments induce the magnetism transition from PM in the AG samples to weak FM in the PA samples around room temperature. Our experimental results reveal that the high-temperature FM derives from R III types of APBs, which become ferromagnetic due to the direct connection of the edge/face-sharing polyhedra. This discovery not only enriches our understanding on the nature of antiphase boundary but also points a way towards future device applications in related doped systems.
